Lipopolysaccharide (LPS) stimulation of the innate immune response requires the activation of signaling cascades that culminate in the synthesis and secretion of proinflammatory cytokines. Given the inhibitory effects of phosphodiesterase (PDE) inhibitors on LPS-induced cytokine production, we have investigated LPS responses in mice deficient in PDE4 (type 4 cAMP-specific PDE)-B and PDE4D. LPS stimulation of mouse peripheral leukocytes induced PDE4B mRNA accumulation and increased PDE4 activity. This response was completely absent in mice deficient in PDE4B but not PDE4D. LPS induction of tumor necrosis factor-␣ secretion by circulating leukocytes was decreased by approximately 90% in mice deficient in PDE4B but not in mice lacking PDE4D. The impaired LPS response was evident regardless of the LPS dose used for stimulation and was associated with a more than 90% decrease in tumor necrosis factor-␣ mRNA accumulation. A decreased responsiveness to LPS was also present in other inflammatory cells, including peritoneal and lung macrophages. These findings demonstrate that PDE4B gene activation by LPS constitutes a feedback regulation essential for an efficient immune response.
I
nnate and acquired immunity are defense mechanisms by which a host protects itself from microbial infection. Microbial pathogens activate the innate immune response via recognition of conserved motifs termed pathogen-associated molecular patterns (PAMPs) by specific receptors expressed in the host cells (1) . On PAMPs binding, these receptors activate signaling pathways involved in inflammatory responses and phagocytosis. The receptors activated by lipopolysaccharide (LPS), a PAMP component of the Gram-negative bacterial cell wall, belong to the family of Toll-like receptors (TLRs) similar to the Toll receptors described in Drosophila (for review, see refs. 2 and 3). Activation of TLRs by LPS is facilitated by additional recognition receptor͞binding proteins, including the serum LPS-binding protein (LBP) and CD14. Although TLRs are sufficient for LPS binding and activation, a prior interaction of LPS with LBP and CD14 augments the inflammatory responses mediated by TLRs (4, 5) . The LPS-TLR complex in turn activates several signaling pathways, including the nuclear factor-B (NF-B)-and the Jun͞Fos-mediated transcriptional regulation, both of which control the expression of cytokine genes (2) .
In addition to its protective effects, innate immunity may cause harmful responses, the best characterized being the LPS-induced shock that follows bacterial sepsis. LPS-induced production of proinflammatory cytokines, in particular tumor necrosis factor-␣ (TNF-␣), is responsible for these detrimental effects (6) . Numerous reports point to a key role of TNF-␣ in orchestrating the complex events involved in the development of the immune system and in a variety of inflammatory disease states (7) (8) (9) (10) .
Monocytes and macrophages are a major source of TNF-␣. Production of this cytokine is subjected to both transcriptional and posttranscriptional controls (11, 12) . LPS stimulation of macrophages induces a large increase in TNF-␣ mRNA by increasing gene transcription via activation of the transcriptional factors NF-B (13) (14) (15) , c-jun, and c-fos (16) . In addition, an endotoxin-responsive element with an AU-rich sequence has been identified in the 3Ј-untranslated region of mRNAs of various cytokines and protooncogenes (17) . This element is involved in both the control of mRNA degradation and its translation (18) (19) (20) . A study investigating the control of TNF-␣ synthesis by using reporter constructs has demonstrated that this AU-rich element and the flanking sequences are sufficient to mediate a more than 200-fold increase in the LPS-dependent synthesis of the reporter protein. This increase is not due to a change in cytoplasmic mRNA concentration but rather to a reversal of the translation repression in response to LPS (21) .
Several mediators attenuate TNF-␣ production in mononuclear cells, including cAMP-elevating agents such as PGE 2 (22) (23) (24) , and their effects are reproduced by dibutyryl cAMP (25, 26) or by inhibitors of cyclic nucleotide phosphodiesterases (PDE) (24, 25, (27) (28) (29) (30) (31) (32) (33) (34) . Among the PDE inhibitors tested, those specific for type 4 cAMP-specific PDE (PDE4) exhibit profound antiinflammatory effects both in vivo and in vitro (35) . In human circulating monocytes, inhibition of PDE4 by rolipram markedly suppresses TNF-␣ synthesis and release in response to LPS; however, this inhibitory action is considerably less evident or absent when PDE1, PDE3, or PDE5 inhibitors are administered, indicating that monocytes express predominantly PDE4s (24, (27) (28) (29) (30) (31) (32) (33) (34) . The mechanism(s) by which the selective inhibition of PDE4 blocks TNF-␣ synthesis and release remains largely unknown. The PDE4 family consists of four distinct genes termed PDE4A, PDE4B, PDE4C, and PDE4D, and each gene encodes multiple variants generated by alternate splicing and͞or from different transcriptional units (36, 37) . Although numerous reports have indicated that these variants differ in their regulation, subcellular localization, and protein-protein interaction, the exact physiological role of the four genes remains to be determined.
In the present study, we investigated whether LPS-mediated responses are affected by inactivation of the PDE4B and PDE4D genes in the mouse. Our data demonstrated that the LPS treatment of leukocytes regulates PDE4B expression and the interruption of this regulatory loop causes a major decrease in the TNF-␣ response.
Materials and Methods
Construction of the PDE4B Targeting Vector and Production of PDE4B-Deficient Mice. Genomic clones corresponding to the PDE4B gene were isolated from a mouse 129svj lambda FIXII genomic library (Stratagene). Following the strategy used for the inactivation of the PDE4D gene (38) , a 1.65-kb HindIII fragment 5Ј to exon 8 and a 6.5-kb SacI fragment 3Ј to exon 10 of the mouse PDE4B locus were isolated and inserted in a targeting plasmid. The positive selection marker (PGK-hprt) and the negative selection marker (pMC1-tk) were in the opposite orientation to the PDE4B genomic sequence. In the constructs thus created, the hprt gene substituted for a 3-kb genomic fragment that contains exons 8-10 of the PDE4B gene (38) . The targeting vector was linearized with NotI and electroporated into E14TG2a embryonic stem (ES) cells (39) . Homologous recombinant ES clones were screened by Southern blot analysis. ES cells from positive clones were microinjected into C57BL͞6 blasThis paper was submitted directly (Track II) to the PNAS office.
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tocysts and implanted into pseudopregnant females. The resulting chimeras were mated to C57BL͞6 mice to produce heterozygous mice (PDE4B ϩ/Ϫ ) that were subsequently mated to C57BL/6 mice again (one run of backcrossing). Further crosses between the PDE4B ϩ/Ϫ mice yielded homozygous mutants (PDE4B Ϫ/Ϫ ) with a mixed 129͞Ola (25%) and C57BL͞6 (75%) background. Genotyping of animals was performed by Southern blot analysis on DNA recovered from tail biopsies as described for inactivation of the PDE4D gene (38) . The expected sizes for wild-type and mutant PDE4B are 2.1 kb and 4.75 kb, respectively (data not shown).
Cell Culture. THP-1, a human leukemic monocytic cell line, was obtained from American Type Culture Collection. THP-1 cells were incubated in the absence or presence of 1 g/ml of LPS and͞or 100 M of dibutyryl cAMP for 3 h. The cells were pelleted and stored at Ϫ80°C until use.
Whole Blood Cultures. Blood was collected from mouse tails in a sterile heparin-containing tube and was immediately diluted with one volume of RPMI medium 1640 supplemented with 1% each of penicillin and streptomycin and 2.5% heat-inactivated FBS. The diluted blood was then aliquoted (150-200 l) into 96-well cell culture plates. To induce TNF-␣ and IL-6 production, bacterial LPS (from Escherichia coli, serotype O55:B5, Sigma) was added at 100 ng͞ml final concentration, and cultures were incubated at 37°C in 5% CO 2 for the indicated times. In dose-response studies, the blood culture was stimulated with LPS at various final concentrations (0-1,000 ng͞ml) for 8 h. After incubation, the culture was centrifuged at 100 ϫ g for 10 min and the supernatant was collected and stored at Ϫ20°C until assayed.
Preparation of Mouse Blood Leukocytes. Mouse blood was collected and diluted as described above. The diluted blood was incubated in the absence or presence of 100 ng͞ml of LPS for 3 h. After centrifugation at 100 ϫ g for 10 min, the cell pellet was suspended in 4 ml of PharM Lyse solution (PharMingen) to lyse red blood cells. The remaining blood leukocytes were recovered by centrifugation and washed once with PBS. The cell pellets were stored at Ϫ80°C until RNA extraction.
Preparation of Thioglycolate-Elicited Peritoneal Macrophages (TEPM).
Mice were injected i.p. with 1.5 ml of thioglycolate medium (Sigma) to recruit macrophages into the peritoneal cavity. Four days after injection, the mice were killed and the cells were collected by washing the peritoneum with cold HBSS. Cells were washed once with DMEM supplemented with 10% heat-inactivated FBS and then cultured at a density of 1 ϫ 10 6 cells per ml. Two hours later, plates were washed with medium to remove nonadherent cells. The remaining cells with at least 95% macrophages were cultured overnight in DMEM supplement with 1% each of penicillin and streptomycin and 0.5% FBS before LPS stimulation.
Preparation of Bronchoalveolar Lavage (BAL) Monocytes͞Macro-
phages. Mice were anaesthetized by i.p. injection with xylazine (4.4 mg͞kg) and ketamine (65 mg͞kg). The trachea was cannulated, and the lung was then lavaged with 0.7 ml of PBS three times and the fluid pooled. Cells in the lavage fluid were counted using a hemocytometer, and BAL cell differentials were determined on Cytospin slides stained with May-Grunwald and Giemsa stain (Sigma). At least 95% of BAL cells were monocytes and macrophages. Cells were washed once with RPMI medium 1640 supplemented with 1% each of penicillin and streptomycin and 2.5% heat-inactivated FBS, dispensed into 96-well plates at 1 ϫ 10 4 cells per well, and then incubated in the absence or presence of 100 ng͞ml of LPS.
Northern Blot Hybridization. Total RNA was prepared from the THP-1 cells by the guanidine thiocyanate͞cesium chloride method (40) . For Northern analysis, total RNA was denatured in glyoxal and dimethyl sulfoxide, size-fractionated by electrophoresis on 1% agarose gel, and transferred to nylon membrane (ICN). The blot was hybridized at 37°C for 48 h with a [␣-32 P]dATP-labeled oligonucleotide probe corresponding to human PDE4B2-specific sequence from base 772-736, 5Ј-CCTTCATTATTTGCA-CGCTGGCTCCTTCCTTCCAGCT-3Ј (GenBank accession no. L20971). After hybridization, the blot was washed with 0.1ϫ SSC (1ϫ SSC ϭ 0.15 M sodium chloride͞0.015 M sodium citrate, pH 7) at 52°C for 20 min. To determine whether similar amounts of RNA were loaded in each lane, the blot was stripped of the hybridized probe and rehybridized with a human ␤-actin cDNA probe.
Reverse Transcription (RT)-PCR and Southern Blot Analysis. For semiquantitative measurements of LPS-induced expression of PDE4B and TNF-␣, total RNA was extracted from the cell pellets of mouse blood leukocytes. After treatment with RNase-free DNase I (0.1 units per g total RNA, Boehringer Mannheim), first-strand cDNA was synthesized from 1 g of total RNA in the presence of oligo dT primer or random primer according to the manufacturer's protocol (cDNA Cycle kit, Invitrogen). For PCR, 2 l of aliquots of the resulting 20 l of cDNA were amplified in a 50-l reaction volume containing 1ϫ PCR buffer, 0.2 mM dNTP mix, 1 M of each specific primer, and 1 unit of TaqDNA polymerase. Oligonucleotide primers were as follows: PDE4B, 5Ј-TGGAAATCCTGGCT-GCCAT-3Ј and 5Ј-TCCACAGAAGCTGTGTGCT-3Ј (from base 1473-1491 and base 2007-1989, respectively; accession no. AF208023), defining a 535-bp product encompassing exons 7-10 of the PDE4B gene; TNF-␣, 5Ј-GTGACAAGCCTGTAGCCCA-3Ј and 5Ј-AAAGTAGACCTGCCCGGAC-3Ј (from base 419-437 and base 846-828, respectively; accession no. X02611), yielding a 428-bp product; glyceraldehyde-3-phosphate dehydrogenase (GAPDH, CLONTECH), 5Ј-TGAAGGTCGGTGTGAACG-GATTTGGC-3Ј and 5Ј-CATGTAGGCCATGAGGTCCAC-CAC-3Ј, yielding a 983-bp product. Conditions for the amplification were as follows: PDE4B, annealing temperature of 57°C for 27 cycles; TNF-␣ and GAPDH, annealing temperature of 60°C for 20 cycles.
The PCR products were fractionated by agarose gel electrophoresis and then transferred to nylon membrane (ICN). Blots were hybridized with [␥-32 P]ATP-labeled oligonucleotide probes corresponding to nucleotide sequences nested between the specific PCR primers. The sequences of the oligonucleotide probes were as follows: PDE4B, 5Ј-GTTAGCAACTGATAT-GTC-3Ј (from base 1714 -1731; accession no. AF208023), TNF-␣, 5Ј-CATACCAGGGTTTGAGCT-3Ј (from base 736-719; accession no. X02611), and GAPDH, 5Ј-CAGTGGCAA-AGTGGAGAT T-3Ј (from base 112-130; accession no. M32599). The blots were then washed in 1.5ϫ SSC͞0.1% SDS at 48°C, followed by autoradiography.
TNF-␣ and IL-6 ELISA. Levels of TNF-␣ and IL-6 in the whole blood or macrophage cell culture supernatants were measured with commercially available ELISA kits (BioSource International, Camarillo, CA). The sensitivities of the assays were 19.5 pg͞ml and 7.8 pg͞ml, respectively. PDE Assay. Following incubation with 100 ng͞ml of LPS for 4 h, TEPM were harvested for PDE activity measurement. Cells were scraped in PBS (1 ml per dish) with a rubber policeman, centrifuged, washed with PBS, and then incubated on ice for 15 min in a buffer containing 0.5 mg͞ml digitonin, 250 mM sucrose, 10 mM Tris⅐Cl (pH 7.4), 50 mM sodium fluoride, 1 mM EDTA, 10 mM benzamidine, 0.5 g͞ml leupeptin, 0.7 g͞ml pepstatin, 2 g͞ml aprotinin, 100 g͞ml soybean trypsin inhibitor, and 0.5 mM phenylmethylsulfonyl fluoride. After sonication with 25 bursts, aliquots of the cell extracts were assayed for total PDE activity, and rolipram-insensitive PDE activity in the presence of 10 M rolip-ram. The PDE assay was performed according to the method of Thompson and Appleman (41) as detailed (38) . The rolipramsensitive activity (i.e., PDE4 activity) was obtained by subtracting the rolipram-insensitive activity from the total activity. Protein concentration was determined using the Bradford method (42).
Results
Targeted Disruption of the PDE4B Gene and General Characteristics of PDE4B ؊/؊ Mice. The PDE4B gene was disrupted following a strategy similar to that described for the inactivation of the PDE4D gene (38) . Because multiple promoters control transcription of the exons that encode divergent amino termini of the PDE4B proteins, exons 8-10 coding for the common catalytic domain at the carboxyl terminus were targeted by insertion of a PGK-hprt cassette. This strategy does not disrupt the start of transcription or translation, leaving open the possibility of generating truncated mRNAs and proteins (see below). Although a PDE4B mRNA was readily detected in the wild-type mice, RT-PCR followed by Southern blot analysis showed that no mRNA coding for the catalytic domain is present in the PDE4B Ϫ/Ϫ mice (see below). However, truncated mRNAs containing 5Ј exons were detected in these mice (data not shown). The loss of the full-length PDE4B mRNA was reflected in the complete absence of PDE4B protein expression in the cerebellum. Western blot analysis demonstrated that an immunoreactive PDE4B protein could not be detected using antibodies that recognize the carboxyl terminus of the protein (data not shown).
The PDE4B
Ϫ/Ϫ mice appeared normal and exhibited no overt morphological abnormalities. Litter size, body weight, and growth rate of these mice were similar to those of wild-type littermates. Total and differential white cell counts in peripheral blood revealed no significant difference between the wild-type and PDE4B Ϫ/Ϫ mice.
Induction of PDE4B by LPS in Mouse Circulating Leukocytes. Given the findings that PDE4 inhibitors have profound effects on monocyte activation and that PDE4B is the predominant subtype expressed in human monocytes (35, 43) , we investigated whether the PDE pattern of expression and the function of monocytes were affected in the PDE4B-deficient mice. A human monocytic cell line, THP-1, was used as a control. Northern blot analysis of RNA from THP-1 cells revealed that PDE4B mRNA is undetectable under basal conditions, whereas treatment with LPS produced a major increase in PDE4B mRNA with a molecular size of Ϸ4 kb (Fig. 1A) . As previously reported by us and others, cAMP also induced PDE4B mRNA (43) (44) (45) (46) , and this induction was synergistic with LPS (Fig.  1B) . To confirm that a similar regulation of PDE4B mRNA is operating in mouse circulating mononuclear cells, leukocytes from wild-type and PDE4B Ϫ/Ϫ mice were treated with 100 ng͞ml of LPS for 3 h, and the RNA extracted and analyzed by RT-PCR followed by Southern blot. When PCR primers specific to the catalytic domain of mouse PDE4B were used in the amplification, mouse circulating leukocytes exhibited a basal expression of PDE4B mRNA (Fig. 1C) . As demonstrated for human THP-1 cells, the level of PDE4B mRNA was markedly increased after LPS treatment, indicating an increase in mRNA transcription and͞or stabilization. As expected, PDE4B mRNA was not detected in the cells of PDE4B Ϫ/Ϫ mice under basal or LPS-stimulated conditions even after 35 cycles of amplification (Fig. 1C) . The induction of PDE4B in blood leukocytes probably reflects the expression of PDE4B2, a A and B) THP-1 cells were incubated in the absence or presence of 1 g/ml LPS and͞or 100 M of dibutyryl cAMP (dbcAMP) for 3 h. Extraction of total RNA and Northern blot analysis were performed as described in Materials and Methods. Twenty-five micrograms of total RNA were loaded onto each lane. Numbers on the left are sizes of DNA molecular weight markers in kb. (C) Circulating leukocytes from wild-type and PDE4B Ϫ/Ϫ mice were cultured in the absence or presence of 100 ng͞ml of LPS for 3 h. Extraction of total RNA from leukocytes (pooled from four animals per group), RT-PCR using primers corresponding to mouse PDE4B cDNA sequence, and Southern blot analysis were performed as described in Materials and Methods. Results derived from cDNAs prepared with random primers (Left) and oligo dT primers (Right) are reported. Amplification of a GAPDH fragment was included to monitor the amount of RNA in each sample. Fig. 2 . Absence of LPS-induced PDE4 activity in thioglycolate-elicited peritoneal macrophages (TEPM) from PDE4B Ϫ/Ϫ mice. TEPM from wild-type, PDE4B Ϫ/Ϫ , and PDE4D Ϫ/Ϫ mice were incubated in the absence or presence of 100 ng͞ml LPS for 4 h. Cells were harvested, permeabilized with digitonin, and sonicated as described in Materials and Methods. Total and rolipram-insensitive PDE activities in the cell extracts were assayed in the absence or presence of 10 M rolipram. Values reported are the rolipram-sensitive PDE activity (i.e., PDE4 activity). Data are the mean Ϯ SEM (3-8 mice per genotype). Significant difference in the LPS-stimulated PDE4 activity between wild-type and PDE4B Ϫ/Ϫ mice was determined by t test (P Ͻ 0.0001).
short splicing variant of the PDE4B gene, because the induced RNA could be detected when a PDE4B2-specific oligonucleotide probe was used ( Fig. 1 A and B) . This finding is consistent with the recent observation that LPS specifically increases PDE4B transcription in human monocytes (43) .
Because of the technical limitation in isolating sufficient monocytes from mouse blood, TEPM from the wild-type and PDE4B Ϫ/Ϫ mice were used to study the induction of PDE4B protein. In wild-type TEPM, LPS produced a 2.5-fold increase in rolipramsensitive PDE4 activity within 4 h of incubation (Fig. 2) . A similar increase was present in macrophages from PDE4D Ϫ/Ϫ mice; it was, however, completely absent in macrophages from the PDE4B Ϫ/Ϫ mice (Fig. 2) . The basal PDE4 activity was comparable in TEPM from wild-type, PDE4D 21, n ϭ 4) . Similar results were obtained with macrophages not exposed to thioglycolate (data not shown). Thus, these data demonstrated that inactivation of a single PDE4B gene completely prevented the LPS-induced PDE activation, confirming that PDE4B is the predominant subtype induced by LPS in mouse monocytes and macrophages.
LPS-Stimulated TNF-␣ Production in PDE4B
؊/؊ Mice. To determine the physiological significance of this PDE4B regulation, we investigated whether cytokine production induced by LPS is affected in PDE4B Ϫ/Ϫ mice. The levels of TNF-␣ in leukocytes cultured ex vivo were measured at different times after LPS stimulation. As shown in Fig. 3A , cells from both wild-type and PDE4B Ϫ/Ϫ mice produced TNF-␣ at the limit of detection under basal conditions. In the presence of 100 ng͞ml of LPS, TNF-␣ release was induced at least 50-fold in leukocytes from the wild-type mice. Stimulation reached a maximum in 8 h and declined thereafter. TNF-␣ production in response to LPS was decreased by approximately 90% in circulating leukocytes derived from the PDE4B Ϫ/Ϫ mice. Conversely, the TNF-␣ response of PDE4B ϩ/Ϫ heterozygous cells was identical to the wild type, thus lessening the possibility that disruption of the PDE4B locus generates truncated proteins with dominant negative effects. Circulating leukocytes from the PDE4D Ϫ/Ϫ mice responded to LPS in a manner similar to the wild-type cells (Fig. 3C) . Identical results were obtained whether whole blood or leukocytes were used in the incubation (data not shown). The decrease in TNF-␣ production in the PDE4B null mice was in the same range as that obtained by treating the wild-type leukocytes with rolipram (Fig. 3B) . Conversely, ablation of PDE4B or an acute PDE4 inhibition with rolipram had no effect on the LPS-induced IL-6 production (pg͞ml IL-6 at 4 h incubation with 100 ng͞ml LPS: PDE4B ϩ/ϩ 235.2 Ϯ 43.9, n ϭ 14; PDE4B ϩ/ϩ plus 50 M Rolipram 244.7 Ϯ 67.6, n ϭ 5; PDE4B Ϫ/Ϫ 287.7 Ϯ 58.7, n ϭ 12). This dichotomy in the effect on TNF-␣ and IL-6 production suggests that the different signaling pathways emanating from the TLRs are not equally sensitive to the PDE4B feedback regulation. The large decrease in LPS response was not overcome by increasing the concentration of LPS (Fig. 4) . When enriched macrophage preparations from bronchoalveolar lavage (Fig. 5A) or TEPM (Fig. 5B) were used, a significant decrease in TNF-␣ production in response to LPS was also present; however, this decrease was not as dramatic as that observed with peripheral leukocytes. TNF-␣ production by PDE4B Ϫ/Ϫ macrophages was impaired also when a different stimulus-i.e., phorbol myristate acetate-was used (data not shown).
To determine whether the decrease in TNF-␣ production is due to altered transcription or mRNA stabilization, the levels of TNF-␣ mRNA derived from circulating leukocytes were measured by a semiquantitative PCR. No amplified fragment for TNF-␣ was detected in cells from the wild-type or PDE4B Ϫ/Ϫ mice unless cells were treated with LPS (Fig. 6) . The induction was about 10 times higher in blood leukocytes from the wild-type mice than in cells from PDE4B Ϫ/Ϫ mice (Fig. 6 ).
Discussion
Using mice deficient in PDE4 genes, we report here that LPSelicited innate immune response is associated with the induction of PDE4B, but not PDE4D, in monocytes and macrophages. Exposure to LPS causes an increase in PDE4B2 mRNA and protein synthesis, which leads to an increase in the PDE activity in monocytes and macrophages. We propose that induction of this PDE constitutes a positive feedback loop essential for cytokine production. Ablation of PDE4B, but not PDE4D, inactivates this regulatory loop and prevents the LPS-stimulated TNF-␣ mRNA and protein accumulation.
Our data show that LPS induces an increase in the PDE4B mRNA levels in both human monocytic THP-1 cells and circulating leukocytes of the wild-type mice. This finding is consistent with observations in human circulating monocytes that PDE4B gene expression is selectively induced by LPS, and that PDE4B2 is the PDE4B variant being up-regulated (43, 47) . Although no basal expression of PDE4B was observed in THP-1 cells, PDE4B mRNA was clearly detected in the absence of LPS in circulating leukocytes. This finding may be due to the heterogeneity of the leukocyte population used. It is possible that the basal level of the RNA detected in the wild-type mouse leukocytes is due to constitutive expression of PDE4B in neutrophils, whereas the LPS-stimulated PDE4B mRNA induction occurs primarily in monocytes. Wang et al. have demonstrated that in human circulating neutrophils the PDE4B gene is expressed constitutively and this expression is not affected by LPS (47) .
The induction of the PDE4B mRNA is followed by an increase in PDE4 activity. Even though a direct measurement of the enzyme in circulating monocytes was precluded by the low number of cells that can be isolated in the mouse, the analysis of the PDE activity in macrophages from the wild-type, PDE4B Ϫ/Ϫ , and PDE4D Ϫ/Ϫ mice is consistent with this conclusion. The basal PDE4 activity was unaffected after disruption of the PDE4B and PDE4D genes, suggesting that PDE4A is the predominant subtype expressed in the unstimulated macrophages. On LPS stimulation, the induction of PDE4 activity was absent in PDE4B Ϫ/Ϫ cells, but not significantly affected in PDE4D Ϫ/Ϫ cells, indicating a selective activation of PDE4B by LPS. Thus, these data from mice deficient in different PDE4s are consistent with the conclusion that PDE4B is the major PDE4 form inducible by LPS.
It is well documented that PDE4-selective inhibitors produce profound inhibitory effects on LPS-stimulated TNF-␣ production in circulating monocytes (24, (27) (28) (29) (30) (31) (32) (33) (34) . However, with this widely used pharmacological approach it is not possible to assess the role of PDE4B induction on LPSmediated responses, nor to distinguish the contribution of each PDE4 to these processes. Available PDE4 inhibitors are nonselective and therefore block the activity of all PDE4s expressed in these cells. In addition, they inhibit both the basal and LPS-induced PDE4 activity, further confounding the interpretation of the results. By using mice genetically altered in two PDE4 genes and TNF-␣ accumulation as a readout, we have been able to determine the exact role of PDE4B induction on the LPS-induced responses. Whereas the TNF-␣ response LPS-induced TNF-␣ production in bronchoalveolar monocyte͞ macrophages (A) and thioglycolate-elicited peritoneal macrophages (B). Cells from the bronchoalveolar lavage fluid of unprimed mice or TEPM from wild-type and PDE4B Ϫ/Ϫ mice were stimulated in vitro with 100 ng͞ml LPS for indicated times. Data are the mean Ϯ SEM (n ϭ 3-4 mice per group). to LPS stimulation was normal in PDE4D-deficient circulating leukocytes, this response was decreased 80 -90% in leukocytes from the PDE4B Ϫ/Ϫ mice. This large reduction in TNF-␣ induction was confirmed by the finding of a more than 90% reduction in TNF-␣ mRNA accumulation in these cells. The major decrease in responsiveness is not due to decreased sensitivity of the PDE4B Ϫ/Ϫ cells to LPS because a reduction was present at all LPS concentrations tested. In addition, the IL-6 response was unaffected, thus ruling out a generalized disruption of the mononuclear cell function. It should be pointed out that other PDE4s present in circulating leukocytes are apparently not up-regulated in the PDE4B Ϫ/Ϫ mice, as determined by measuring total and rolipram-sensitive PDE activity. Therefore, we can conclude that a major decrease in the LPS-induced TNF-␣ response is due solely to the absence of PDE4B induction.
The following model of LPS mechanism of action reconciles the findings described above. As shown in several in vitro studies, cAMP, via activation of PKAs or cAMP-GEF (48), exerts a tonic negative constraint on LPS-induced signaling by functioning as a gating pathway (49) . To overcome this tonic inhibition, LPS signaling requires the activation of PDE4B transcription and accumulation of PDE4B protein. The consequent increase in PDE activity leads to a decrease in cAMP, thus removing the cAMP constraint and allowing a full induction of TNF-␣ mRNA and protein synthesis. The induction of PDE4B should then be viewed as a positive feedback loop that contributes to a full activation of the cytokine responses. When this induction is ablated, as in the PDE4B-deficient cells, the cAMP-negative constraint is not removed and the LPS-induced responses are severely blunted. Such a regulatory loop involving PDE4s, as well as other PDEs, is probably functional in other inflammatory cells, including T cells. For instance, activation of T cells induces the expression of PDE7 and PDE8 (50, 51) , which function by removing a cAMP constraint on T cell-receptor-mediated signals. Indeed, treatment with antisense oligonucleotides against PDE7 blocks T cell receptor activation of cell replication and IL-2 production (50).
It has been generally accepted that TNF-␣ production plays a critical role in a number of disease states, such as rheumatoid arthritis, Crohn's disease, and septic shock (52) (53) (54) . Treatment of rheumatoid arthritis, Crohn's disease, and Jarisch-Herxheimer reaction with TNF-␣ antibodies has clearly demonstrated the central role of TNF-␣ in these diseases (7) (8) (9) (10) . Although there is uncertainty on exactly how the innate immune response and the TLRdependent signaling pathway are involved in the pathogenesis of these TNF-␣-mediated diseases, the requirement of PDE4B in LPS-induced TNF-␣ production in monocytes may be exploited for pharmacological intervention. The present study strongly indicates that inhibitors selective for PDE4B may be promising pharmacological agents for the treatment of diseases in which the release of TNF-␣ from monocytes is important for their pathogenesis.
